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The electron cyclotron-maser instability plays a significant role in the generation of highly
non-thermal, polarised radio emission from the auroral region of planets and stars having a
dipole-like magnetic field [1, 2]. More recently, this radiation model has been extended to a
variety of astrophysical environments including Blazar jets, collisionless shocks and brown
dwarfs [3–7]. Planetary auroral radio emission has been a topic of interest for many years with
several mechanisms having been proposed [8–13]. As the dispersion relation describing the
electromagnetic wave growth only depends on the factor by which the magnetic field increases
and on the ratio of plasma and cyclotron frequencies, the mechanism can scale effectively over
many orders of magnitude both in wavelength and spatial scale. In the Earth’s auroral region,
observations by the Viking spacecraft [11] and the FAST satellite [12] led to the suggestion
that the free energy source for AKR is a population of downward accelerated electrons having
a large perpendicular velocity produced by a combination of parallel accelerating electric fields
and converging magnetic field lines. The electron distribution takes the form of a horseshoe
or crescent shape due to the first adiabatic invariance as the electrons move into the stronger
magnetic field. Scaled laboratory experiments also demonstrate the potential for horseshoe dis-
tributions to generate narrowband cyclotron-maser emission at GHz frequencies over distances
of a few meters [15–18].
Although the generation mechanism is well established, there remain important questions
with regard to how the radiation may propagate and ultimately escape. Models and observa-
tions [19, 20] assume near field-aligned R-mode polarisation prior to escape, however it is well
known that the radiation is generated near perpendicular to the magnetic field in the X-mode.
The manner by which the radiation may effectively be redirected along the magnetic field and
ultimately escape is a question recently addressed by Mutel [20] and Meniett [21], with a model
of upward refraction due to altitude variation in the background plasma density and an initial
radiation propagation vector that is mildly against the direction of the electron flux (negative
axial wavenumber). Current theoretical models for X-mode generation via the cyclotron-maser
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instability do not predict growth with a negative axial wavenumber, however we have developed
a new theoretical model that clearly demonstrates an enhanced growth rate for finite negative
axial wavenumbers and moderate electron energy spread. This model is verified by the results
of full 3D PiC (Particle-in-cell) code simulations, demonstrating for the first time that auroral
cyclotron-maser emission is indeed characterised by a finite negative axial wavenumber.
The theoretical model [22] assumes an analytic form for the electron distribution function
with different pitch angles, energy spread and density ratios between the hot component making
up the horseshoe element and a background Maxwellian component. This is then used in a
dispersion relation for the R-X mode which is obtainable from the susceptibility tensor given
by Stix [23]. The derived growth rate is approximately given by Im(ω) = Im(D)
∂
∂ω
(Re(D))
, where
D = 0 is the dispersion relation. The imaginary part Im(D) does not vary greatly for small ±n‖
(where n‖ = k‖c/ω) however the value of ∂D/∂ω rises dramatically as a function of frequency,
due to approaching the upper hybrid resonance, where D has a singularity. This means that
the growth rate for positive n‖ (higher frequency and forward-wave) is reduced and maximum
growth occurs at lower frequency (negative n‖ and backward-wave). Beam spreading in velocity
space tends to reduce growth rate for negative n‖, therefore enhanced backward wave coupling
should break down for increased energy or velocity spread.
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Figure 1: Contour plots of Ey in an x-z plane at t/tce =
1348 for (a) 2% and (b) 6% Gaussian energy spreads
We compare the theoretical analysis
with the results of PiC simulations, un-
dertaken using the particle-in-cell code
VORPAL [24]. The simulation geome-
try comprised an axial length of 144λce
(where λce is the vacuum wavelength
of radiation at the peak electron cy-
clotron frequency within the simula-
tion) and transverse perfectly-matched-
layer boundaries to mitigate reflection.
A 20keV electron beam was injected
parallel to an axial magnetic field in-
creasing by a factor of 15 over 45λce.
The peak magnetic flux density was
plateaued over the remaining 99λce of
beam propagation path to maintain cy-
clotron resonance for a significant number of Larmor steps with ωce/ωpe = 20.
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Figure 2: Contour plots of Ey in an x-z plane at t/tce =
1348 for (a) 2% and (b) 6% Gaussian energy spreads
An analysis of the transverse elec-
tric field profile Ey in an x-z plane (Fig.
1b,c) for 2% and 6% energy spread
reveals a well-defined and temporally
modulated electromagnetic emission at
an axial coordinate of 80λce and po-
larised in the X-mode with a significant
negative axial wavenumber (backward-
wave component). The backward wave
character of emission is evidenced by
an oblique wave front propagation an-
gle with respect to the axis of the sys-
tem. The effective backward-wave an-
gle for 2% energy spread is ∼ 3◦ from
perpendicular - consistent with requirements for the aforementioned model of upward refrac-
tion of the generated radiation [21]. It is evident in figure 1 that as the energy spread increases
to 6%, there is well-defined change in the wavevector with a reduction in backward propagation
angle to ∼ 2◦. This emission profile not only indicates a reduction in backward wave coupling
with increased energy spread, but a distinct curvature can also be observed in the wavefront for
6% energy spread (figure 1c). This curvature indicates a progressive shift towards perpendicular
propagation with increasing axial coordinate, showing that velocity spreading due to cyclotron-
wave coupling reduces efficiency for -ve k‖. This result is consistent with predictions of the
analytical theory.
Figure 2a contains a Fourier transform of Ey at time 2156tce and an axial position of 86λce.
A single spectral component is present at ω/ωce = 1, corresponding to narrowband emission
at the relativistic electron cyclotron frequency. Looking at the corresponding transverse Poynt-
ing flux over a y-z plane in figure 2b, a temporal modulation to the emission is evident, with
a 810tce lead time for significant growth of the radio frequency (RF) Poynting flux. A peak
saturated output power of P/Pbeam = 1.25×10
−3 is apparent (as the space-time average is 1/2
of the plotted peak amplitude), which integrated over the transverse dimensions of the system
(factoring in the 4 enclosing Poynting flux planes) equates to an RF conversion efficiency of
0.50%. Looking at 6% energy spread (figure 2c) a more stable output is observed, with longer
period temporal fluctuations and a marginally increased peak beam-wave conversion efficiency
of 0.54%. It would therefore appear that as the electron energy spread is increased, not only
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does the wavevector of emission tend from backward-wave to near perpendicular, but a more
temporaly stable cyclotron-maser emission process is observed.
In conclusion, we have shown that the electron cyclotron-maser instability driven by a horseshoe-
shaped velocity distribution has an inherently enhanced growth rate for wave propagation with
finite negative k‖ corresponding to a backward-wave propagation angle a few degrees from per-
pendicular. This natural backward-wave character to the emission serves as a suitable precursor
to the recently proposed model of upward refraction and field-aligned escape of terrestrial au-
roral kilometric radiation [20, 21].
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